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^ (54) Title: PHOTOC HEMIC ALLY CONTROLLED PHOTONIC CRYSTA!, DIFFRACI'ION 
ID 

^ (57) Abstract: The present invention is related to photonic crystal devices thai comprise novel mesoscopic periodic materials which 
^ comprise polymerized crystalline colloidal arrays (CCA) and at least one phoiosensiiive component. Preferably, the photosensitive 

coniponent is a photochromic molecule and more preferably the component is an azobenzene derivative. Methods for making these 
^ devices are also disclosed. The devices of the present invention are useful in many applications including, for example, optical 
^ switches, display devices and memory storage devices. Tlie devices of the present invention permit the ptwsibility to write with 

ultraviolel light and erase with visible light. In addition, the present invention is related to a funciionalized polymerized crystalline 
O colloidal array which preferably comprises reactive epoxide groups. The present invention is further directed to a photosensitive 
^ polymerized crystalline colloidal array. Fuihcrmore, the present invention is directed to azobenzene derivatives which have improved 
^ water solubility. 
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PHOTOCHEMICALLY CONTROLLED PHOTONIC CRYSTAL DIFFRACTION 

SPECIFICATION 
BACKGROUND O F THE INVENTION 

Charged colloidal particles, when suspended in water, fonn a stable 
dispersion due to interparticle coulomb repulsion forces. The property of structural 
ordering in such dispersions has been exploited in making devices such as narrow band 
optical rejection filters. The ordering phenomena in such colloidal suspensions has been 
useful in spectroscopy and Bragg diffraction techniques. See, for example, U.S. Pat. No. 
4,627,689. It has been found that mesoscopic, crystalline structures can have many 
practical appHcations as optical filters in military, space, medical and research uses, hi 
many such instances, it is necessary 

or desirable to filter narrow bands of selected wavelengths from a broader spectrum of 
incident radiation. 

U.S. Pat. No. 4,627,689 of Asher discloses a linear aystalline colloidal 
narrow band radiation filter which is made by forming a higMy ordered crystalline 
colloidal structure within a container. The crystalline colloidal structure is formed by 
dispersing the ionized particles, for example, polystyrene particles, within an appropriate 
solvent. 

A related disclosure was made in U.S. Pat. No. 4,632,5 17 of Asher which 
discloses another crystalline colloidal narrow band radiation filter application. U. S. 
Patent No. 4,632,517 forms the basis for a mechanically simple and highly efficient 
monochromator. It has application in improved systems for investigating Raman or 
emission spectra of selected sample materials. Both of the aforementioned patents 
disclose structures that can be used to diffract a narrow band of radiation from a broader 
band of radiation. 

A solid filter and method of making a solid filter fi:om an ordered 
dispersion of particles within a medium is disclosed in U.S. Pat. No. 5,281,370 of Asher. 
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That patent discloses a filter which is enable of Bragg diffracting narrow bands of 
radiation. It is a soUd filter which has many practical applications. 

An optical filter was also disclosed in U.S. Pat No. 4,548,473. The filter 
comprises a first substance substantiaUy transparent to Ught within a select fi-equency 
range and having a first mdex of refiraction. The filter also includes a second substance 
which has at least one resonance fi-equency within the first fi-equency range and a second 
index of refi-action which is substantially the same as the first index of refi-action at all of 
the frequencies within the first fi-equency range except for frequencies near the resonance 
frequency. This device is based upon resonance scattering by a disordered sample. The 
device is only a passive device meaning that the index of refraction is not considered to 
depend upon the incident intensity or time. 

U.S. Pat. No. 3,620,597 discloses a device which is capable of acting as a 
nonUnear absorber of substantially all radiant energy in excess of apredetennined 
intensity. The mechanism utilized by the device is distinct from that of the present 
15 invention. 

U.S. Pat. No. 4,832,466 is directed to an optical element including a 
modulating liquid layer composed of a solvent containing a soluble polymer. The device 
requires polymers to precipitate from solution due to temperature changes. This is not 
required by the present invention. 

U.S. Pat. No. 4,648,686 discloses an optical switch array which utilizes 
the temperature dependent characteristics of the index of refraction of a crystalline 
material, however, the device is hmited to being used for switching in a waveguide. 
Other switches for use in waveguides were disclosed in U.S. Pat. Nos. 4,828,362 and 
4,938,557. 

U.S. Pat. No. 4,268,413 provides' devices having the property of reversibly 
variable temperature-light absorbance. The device is said to be usable in 

temperature-measuring devices, slippery ice warning devices and the like. 

U.S. Pat. No. 5,452,123 discloses a nonlinear optical device and method 
for making the same. The method includes making a solid or crystalline colloidal ordered 
dispersion of charged particles within a medium and infroducing into the particles or the 
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medium a radiation responsive component which, when impinged with radiation at a 
critical intensity, causes a change in the refractive index of the particles in either the 
ordered dispersion, the medium or botii. 

U.S. Pat. Nos. 5,368.781 and 5.266,238 are directed to tunable, narrow 
band radiation filters comprising a crystalline colloidal array of charged particles fixed in 
a hydrogel film. Methods for filtering incident radiation using these filters are also 
disclosed. 

U.S. Pat. No. 4,720,355 is directed to a non-linear optical medium having 
a "host" thermoplastic polymer which contains a "guest" organic component; the organic 
component has a charge asymmehic electronic structure and exhibits non-linear optical 
response. 

U.S. Pat Nos. 5.330,685, 5,338,492 and 5,342.552 all provide narrow 
band radiation filters comprising a CCA of charged particles in a polymeric hydrogel. 

U.S. Patent Nos. 6,165.389; 6; 6,094,273 and 6.014,246 are directed to devices 
which comprise mesoscopicaUy periodic materials that combine crystalline colloidal 
array self-assembly with the temperature and/or pressure induced volume phase 
transitions of various materials. The devices are useful as optical switches, optical 
limiters, optical filters, display devices, and processing elements as well as membrane 
20 filters. 

Despite the above, there remains a need for devices which permit a 
simplified means of writing and erasing data. Such devices are capable of a 
photoreversible shift in diffracted light and are useful as optical switching devices. The 
devices of the present invention fulfiU this need by permitting the possibility to write with 
25 ultraviolet light and erase with visible light. 

SUMMARY O F THP. TNVF.>JTTn>J 
The present invention provides devices usefiil, inter alia, as optical 
switches, display devices and memory storage devices that are capable of a 
photoreversible shift in diffracted light. 

devices coinprise novel mesoscopically periodic materials which 



JSOCCID; <WO 016334SA3JA> 



wo 01/63345 PCT/USOl/05691 



comprise crystalline colloidal arrays (CCA) polymerized in a hydrogel and at least one 
photosensitive component attached to the polymerized CCA. Preferably, ttie 
photosensitive component is a photochromic molecule, for example, a derivative of 
azobenzene. The periodic materials comprising these photoswitchable CCA have a 
5 periodicity that can be reversibly switched with ultraviolet (UV) and visible light. Tlie 
result is a polymerized CCA (PCCA) wliich is photoresponsive and wliich undergoes a 
continuous volume change upon irradiation. The devices additionally permit the 
possibility to write with ultraviolet light and erase with visible light, or vice versa. 

The present invention also relates to a new method for fiinctionalizing 
10 PCCA. In addition, the present invention relates to a new azobenzene derivative which 
has improved water solubility and which maintains its photochemical properties. The 
azobenzene derivative (Fomaula VII) of the present invention may be prepared according 
to the method described in Example 4 below. 

(vn) 

15 The azobenzene derivative of the present invention has improved water solubility 
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HO 

characteristics than non-derivatized azobenzene. In addition, it retains similar 

photochemical properties as non-derivatized azobenzene. 

Methods for making the devices of the present invention are also provided. 

Generally these methods involve creating a crystalline colloidal array, using highly 
20 charged monodisperse colloidal particles that self-assemble into crystalline colloidal 

arrays (CCA), and polymerizing a hydrogel network around the CCAs to form PCCAs 

which permanently locks in the ordering of the CCAs. 

In one embodiment of the invention, the PCCA is functionalized such that 

the photosensitive component may be attached to a PCCA. In a particularly preferred 
25 embodiment of the invention, the PCCA is functionalized by the addition of glycidyl 
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methacrylate to introduce reactive epoxide groups. Attachment of a photosensitive 
component to the reactive PCCA is accomplished through the reaction of reactive groups 
of the component with the epoxide groups of the PCCA. For example, the epoxide 
groups inside the hydrogel may be reacted witla primary amino groups on an azobenzene 
5 derivative. The resultant photosensitive PCCA comprising at least one photosensitive 
component can undergo a reversible change in volume in response to irradiation. Other 
photosensitive components that undergo a change in volume in response to irradiation 
may also be used, such as, inter alia, spiropyranes, spiroxazines, fulgides, diarylethenes, 
benzothiazolium styryl dyes, and triphenyhnethane derivatives. 

The devices of this invention can form the basis for mechanically simple 
and highly efficient optical switches, display devices, and memory storage devices which 
are useful for computer ^plications. Overall, the devices can be used with any product 
in which the disclosed characteristics are desirable. 

It is an object of the present invention to provide an optical switching 
15 device which can operate to Bragg diffract certain wavelength bands of incident Hght. 

It is a further object of the present invention to provide an optical 
switching device that undergoes a reversible change in volume upon irradiation. 

It is another object of the invention to provide a device that functions as a 

display device. 

addition, it is an obj ect of the present invention to provide a device that 
functions as a memory storage device. 

It is yet a fiirther object of the present invention to provide a device that 
can write and erase. For example, but not by way of limitation, the devices of the present 
invention can write with UV light and erase with visible light. 

■'5 BRIEF DESCRIPTION OF THE DRAWTNFfi.<g 

The invention may be better understood in reference to the attached 
drawings in which 

FIGURE 1 is a graph demonstrating the photoresponsiveness of an 
azobenzene fimctionalized PCCA to irradiation with UV and visible light. The observed 
30 dif&action behavior is reversible and the successive irradiation with UV and visible hght 
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can be repeated many times. The gel was irradiated with UV light (365 mn, Ar* laser) 
and the absoiption spectra were measured. The gel was then irradiated with visible Ught 
(488 nm, Ar* laser) and absorption spectra measured again. We recorded the spectra 
using a UV-visible-near IR spectrophotometer (Perkin-Elmer X-9, Oak Ridge, TN). 
^ ^'IGURE 2 is a pictorial representation of the switching effect. Exposure 

to UV light causes isomerization of trans azobenzene, which decreases the 
hydrophobicity of the polymer network around the CCA. These changes cause a red-shiil 
of diffraction under UV light as the polymer expands. A blue-shift of the diffraction peak 
is observed xmder irradiation with visible light. 

FIGURE 3 is a graph showing the characteristic time for UV irradiation 
and thermal relaxation of the AZO-PCCA. The characteristic time for UV irradiation 
(trans-cis azobenzene isomerization), which was performed at 365 nm, 10 mW, is ~ 50 
seconds (curve 1 and 2). The response time of the PCCA diffraction shift could be 
reduced by increasing the actinic light power. In addition, the characteristic time for 
15 theraial relaxation (cis-trans azobenzene isomerization), which was performed by placing 
the AZO-PCCA in the dark, is - 1 0 days (curve 3 and 4). 

DETAILED DESCRIPTTOM 
The present invention is directed to novel devices and mefliods of making 
the devices. The present invention is further directed to methods of using these devices as 
20 optical switches, display devices and memory storage devices. 

"Optical switch", as referred to herein, is a device that may be "switched" 
off or on in response to a stimulus such as irradiation. The term "band" of wavelengths 
will be understood by those in the art to refer to a span of wavelengths. This band can be 
narrow, with a width of less than one nanometer, or broad, encompassing many 
25 nanomet^s. 

The devices of the present invention generally comprise an ordered 
crystalline colloidal array (CCA) of ionized colloidal particles in an ^propriate solvent 
and embedded in a hydrogel matrix. See generally U.S. Patent Nos. 6,165,389; 6,092,530; 
6,094,273 and 6,014,246 of Asher et al., incorporated herein by reference. 
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The material used to foim the matrix, according to one embodiment of the 
present invention, includes a crystalline colloidal array (CCA) surrounded by the 
polyacrylamide network. The CCA can be formed using any highly charged particles (as 
long as they are uniform in size and surface charge) in a suitable solvents. In a particular 
embodiment an aqueous solution of "fluorinated particles" composed of poly(lH,lH- 
heptafluorobutyl methaciylate) and polystyrene particles was used. 

Monodisperse, highly charged colloidal particles dispersed in very low 
ionic strength liquid media self-assemble due to electrostatic repulsion to form CCA. 
These ordered structures are either body-centered cubic (BCC) or face-centered cubic 
(FCC) arrays with lattice constants in the mesoscale range (50-500 nanometers (nm)). 
Just as atomic crystals diffract x-rays meeting the Bragg condition, CCA diffract 
ultraviolet (UV), visible and near infrared (IR) Ught. CCA can be prepared as 
macroscopically ordered airays from non-close packed spheres. Such arrays exhibit 
highly efiBcient Bragg diffraction; nearly all Ught meeting the Bragg condition is 
diffracted, while adjacent spectral regions not meeting the Bragg conditions will freely 
transmit. "Non-close packed spheres" refers to an ordering wherein the spheres are 
spaced by some distance from each other. 

The Bragg diffraction law is represented by the following foraiula: 

mX = 2 nd sin G; 

where m is the order of diffraction, X is the wavelength of incident light, n is the 
suspension refractive index, d is the interplanar spacing, and 0 is the angle between the 
incident light and the crystal planes. 

The particles used to create the CCA can be any particle selected from 
among colloidal polystyrenes, polymethyhnethacrylates, siUcon dioxides, aluminum 
oxides, polytetrafluoroethylenes and any other suitable materials which are generally 
raiifonn in size, surface charge and show no absorption or diffraction in the spectral 
regions needed for photoswitching. The particles are chosen for their properties as 
desired for the particular appUcation. The particles preferably have a diameter between 
about 50 and 500 nm and may be either synthesized as discussed below or obtained 
30 commercially. 
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In a particular embodiment of the invention, 140 nm fluorinated colloids 
and polystyrene colloids were used. 

Highly charged monodisperse fluorinated colloidal particles of diameter between 50 and 
250 nm were synthesized from lH,lH-heptafluorobutyl methacrylate (FBMA) by free- 
5 radical emulsion polymerization ("fluorinated colloids"). These fluorinated colloidal 
particles have a low refractive index of 1 .386. High particle surface charge densities were 
obtained by minimizing the polymer molecular weight. This synthetic metliodology has 
been described by Pan G., Tse A.S., Kasavamoorthy R.. Asher S.A.; J. Am. Chem. Soc. 
120:6518-6524 (1998). See Example 1 below. 

Higlily charged monodisperse colloidal polystyrene particles were fonned 
by emulsion polymerization. These spherical colloidal particles were crosslinked with 
divinyl benzene and functionalized with l-sodium-l-allyloxy-2-hydroxypropane 
sulfonate in water. One useful method is described by:Reese C.E., Guerrero CD., 
Weissman J.M., Lee K., Asher S.A.; Journal of Colloid and Interface Science 232:78-80 
15 (2000). See Example 1 below. 

The particles may be purified by any means known in the art. in one 
preferred embodirrient, purification is accomplished by dialysis and/or use of ion 
exchange resin. Purification helps to ensure self-assembly of the CCA, which generally 
needs to take place in a very low ionic strength medium. The colloids can be dialyzed 

20 against a suitable medium. In a particular embodiment, the colloids were dialyzed 

against deionized water with the use of dialysis membranes (Spectra/Por. MWCO = 50 
000) by changing the water daily untU the specific conductivity was constant (~ l^tS/cm). 
Further purification was achieved by shalcing the latex with ion-exchange resin. Mixed 
bed ion-exchange resin (AG 501 -X8, 20-50 mesh) was obtained from Bio-Rad 

25 (Richmond, CA). 

The particles may be stored in an ion exchange resin, preferably in a bath 
of 10% by weight suspension of ion exchange resin such as analytical grade AG501X8 
mix bed resin which is commercially available (Bio-Rad, Richmond, CA). The ion 
exchange resin should preferably be cleaned prior to use through a suitable procedure 
30 such as that taught by Vandcrhoff et al. {Journal of Colloid and Interface Science, 
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28:336-337 (1968)). The suspension showed iridescent color, indicating the formation of 
a CCA which Bragg diffract Ught at wavelengths preferably from the near-IR to 270 nm 
in the UV region. 

The concentration of fluorinated or polystyrene CCA particles in the water 
determines the wavelength the CCA diffracts light. Qenerally, the higher the particle 
cohcentration the shorter the wavelength of the light diffracted. 

Wlien synthesizing colloidal particles, any other suitable ionic 
co-monomers, crosslinkers, surfactants and free-radical initiators can be used, absent 
compatibility problems. Alternatively, highly charged, monodisperse particles that can be 
used in accordance with this embodiment are commercially available from Dow 
Chemical or Polysciences, Inc. Purification of the commercially available particles is " 
also recommended. 

A polymerized CCA (PCCA) is made by locking the crystalline colloidal 
particles inside the hydrogel network. The width and height of the diffraction peak can be 
15 easily confroUed by choosing colloidal particles of different size and refractive index or 
by making different thickness PCCA films. 

The PCCA of the present invention may comprise reactive groups, for 
example, reactive epoxide groups. The present invention is also directed to a PCCA 
having reactive groups, referred to herein as a functionalized PCCA and methods for 
preparing the same. In one embodiment, the functionalized PCCA is prepared by 
copolymerizing acrylamide with glycidyl methacrylate in order to introduce reactive 
epoxide groups it ' - *he PCCA. The functionalized PCCA may be attached through its 
reactive groups to a photosensitive component to create a photosensitive PCCA which 
comprises a photosensitive component. The photosensitive component may be 
25 covalently attached to the functionalized PCCA. This method is fast, provides good 
control of the diffraction wavelength, and does not hydrolyze the polymer network 
(which causes PCCA to swell). 

In anottier embodiment, a functionalized PCCA is prepared by treating the 
PCCA with a base (such as NaOH) in order to induce hydrolysis of the amide groups 
30 inside the polyacrylamide. In this case, carboxyUc groups are created, which can be used 
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for further attachment of desired components. For example, a photosensitive component 
comprising an amine group can be covalently attached to the hydrogel network by using 
the Unker l-ethyl-3-(3-dimethylaminopropyI) carbodimide (EDC), which is a water 
soluble coupling agent used to facilitate the formation of amide bonds between a 
5 carboxylic groups and annines. 

The present invention is also directed to a method for attaching 
components to a PCCA comprising making a functionaHzed PCCA which comprises 
reactive groups, such as, inter alia, reactive epoxide groups and reactive carboxylic 
groups, and exposing the fimctionalized PCCA to a component wherein said component 
10 reacts with the reactive groups in the PCCA. In one embodiment, the method for 

attaching components to a PCCA comprises copolymerizing glycidyl methacrylate with 
acrylamide wherein said copolymerization results in a PCCA having reactive epoxide 
groups. The method may furUier comprise exposing tlie PCCA to a photosensitive 
component which comprises an amine wherein said component is covalently attached to 
the PCCA through reaction of the amine with the reactive epoxide groups. The 
photosensitive component may be a photochromic molecule. 

A fimctionalized PCCA, according to the present invention, was prepared 
by dissolving glycidyl methacrylate in a CCA water solution containing acrylamide, a 
crosslinking agent (preferably N,N'-methylenebisacrylamide) and a photoinitiator, such 
20 as, but not limited to a non-ionic ultraviolet (UV) initiator (preferably 2,2- 
diethoxyacetophenone). 

Any crosslinking agent may be used. Preferred ratios of crosslinldng 
agent to monomer are about 1:5 to 1:20. Preferred crosslinking agents are 
N,N'-methylenebisacrylamide and N,N'-methylenebismethacrylamide. Upon 

25 polymerization, the crosslinking agents fomi a crosslinked polymer network which keeps 
the colloidal array intact. Generally, the more crosslinking agents used the higher the 
rigidity and lower the responsivity of the hydrogel. Thus, the amount of crosslinker can 
be altered to control the desired response in the device. Hydrogel films can be fonned 
with retention of the crystalline colloidal aixay structure when as Httle as 1 part in 100 

30 parts by weight of the co-monomer mixture is the crosslinking agent. See U.S. Patent 
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Nos. 6,165,389; 6,092,530; 6.094,273 and 6,014,246, incoiporated herein by reference. 

The CCA mixture comprising dissolved monomers, crosslinking agent and 
a photoinitiator was injected into a ceU having two quartz plates (made of UV fused 
sihca) and exposed to mercury lamp at a room temperature. Quartz plates can be 
separated by a parafikn spacer (American National Can ™,) or DuraSeaFM spacer 
Piversified Biotech, Boston, MA). See U.S. Patent Nos. 6,165,389; 6,092,530; 
6,094,273 and 6,014,246, incorporated herein by reference. 

Any other means known in the art can also be used for polymerization so 
long as the method chosen for polymerization does not destroy or otherwise disorder the 
CCA. Upon completion of the polymerization, the plates are removed and a stable PCCA 
can be washed with nanopure water. Deionized water was obtained from a Nanopure'i^ 
System (Bamstead/Thermolyne Co., Dubuque, Iowa). See Example 2. 

As will be appreciated by one skilled in the art, the hydrogel can be made 
from any monomers, includmg but not limited to acrylamide monomers. Such monomers 
preferably undergo a volume change when the free energy of mixing is aUered. 

In a particular embodiment of the invention, an azobenzene derivative, 
which is modified in order to increase its water solubility, is attached to tlie reactive 
PCCA through the reaction of the epoxide groups inside the hydrogel with primary amino 
groups on the azobenzene derivative. See Example 3. Hereinafter, the functionalized 
20 PCCA having azobenzene attached thereto is referred to as "AZO-PCCA". 

Photosensitive components which do not have a primary ammo group that can react with 
the epoxide groups ma/ -'so be used in accordance with the present invention. Such 
components which do not have a primary amino group may be directly copolymerized 
with acrylamide. Preferably, the photbsensitive component which does not have a 
primary amino group has a terminal vinyl group and may be water soluble and nonionic. 
For example, spiropyran may be attached to the gel by directly copolymerizmg the 
spiropyran with the acrylamide. The photosensitive components of the present invention 
may be synthesized by methods well-known in the art.. 

The present invention is also directed to an azobenzene derivative 
(Formula VU) which has improved water solubility and methods for preparing the same. 
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See Example 4. 
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Nonlimiting examples of photosensitive components which are suitable in 
the present invention include azobenzene, spiropyranes, spiroxazines, fulgides, 
diaiylethenes, benzothiazolium styryl dyes, and triphenyhnethane derivatives. 

The attachment of a photosensitive component, such as azobenzene, to the 
reactive PCCA results in a photosensitive PCCA. The photosensitive PCCA changes its 
volume (therefore, changing diffraction wavelength) in response to Ught. For example, in 
the dark, the device, which is useful as a photoswitching device, may comprise a 
photosensitive component in the foim of a trans molecule {e.g. a trans azobenzene 
molecule). Exposure to UV light causes photochemical changes in the photosensitive 
component, for example, inducing it to foim a cis molecule {e.g. a cis-azobenzene 
molecule). These changes in the photosensitive component may modify the polymer 
network around CCA. The polymer network may become more hydrophiUc, and 
15 therefore, more soluble in aqueous medium. As a result, there may be a change in the 
free energy of mixing inside the gel. When the device is exposed to UV light, an increase 
in volume may cause an increase in the inter-particle spacing and therefore may red-shift 
the CCA diffraction. When the device is exposed to visible irradiation, a trans molecule 
{e.g. trans-azobenzene) may be regenerated. This may result in a reduction in the 
20 photosensitive PCCA's volume and may blue-shift the diffraction (see Figures 1 and 2). 
Successive irradiation with UV and visible Ught results iii successive red-shifts and blue- 
shifts (see Figure 1 insert). 

The ability of the device of the present invention to red-shift and blue- 
shift, is likely due to the fact that Ught induces changes in dipole moment and geometrical 
structure of the photosensitive component. This may cause a change in the free energy of 
mixing of the system which may result in volume changes. The change in hydrogel 
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volume affects the spacing between colloidal particles and shifts the diffraction 
wavelength of the device. The amount of the shift is dependent on the amount of 
irradiation and the PCCA composition. 

One embodiment of the present invention is generally directed toward an 
optical device comprised of a photosensitive PCCA. It is a feature of such an optical 
device that the diffraction wavelength of photosensitive PCCA can be altered or switched 
in response to irradiation such that both the swelling and shrinking of the PCCA can be 
controlled by using different beams of light. See Figure 1. 

The trans-cis photoconversion of individual azobenzene molecules in 
solution occurs in the picosecond time range. The response time of the AZO-PCCA 
diffraction shift is controUed by the actinic light power, and is limited by the collective 
diffusion constant of the hydrogel polymer network. A quantum yield of 0.2 was 
estimated for one AZO-PCCA, indicating that the photochemical conversion is very 
efiScient. Thus, photoswitching effect can be actuated by a single laser pulse. The 
photosensitive PCCA of the present invention may operate as a high speed optical switch, 
in which the diffraction peak red-shifts under UV radiation and blue-shifts under visible 
irradiation in a time scale range from about picoseconds to about seconds, and more 
preferably from about nanoseconds to about milliseconds. The ability of the device to 
write (red-shift) with UV light and erase (blue-shift) with visible liglit (or vice versa, 
20 write with visible and erase with UV light), makes the device of the present invention 
usefiil as memory storage device. 

The azobenz — derivative of the present invention, as indicated above, is 



10 



15 



HO' 

represented by Formula Vn. 

• (vn) 

25 The azobenzene derivative of the present invention shows very similar photochemical 
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properties as non-derivatized azobenzene. The absorption spectra of the azobenzene 
derivative of the present invention in the dark shows a strong peak with maximum at 348 
nm from itn* transition of azo-compounds (mainly trans-azobenzene). hi addition, a 
shoulder arising from the rnc* transition is evident at long wavelength side of the nn* 
5 peak. This peak, due to an* transition, at 434 nm becomes dominant when a 

photostationary state under UV irradiation is reached (mainly cis-azobenzene). The 
intensity of the mz* peak increases as the intensity of the mz* band decreases due to the 
conversion of trans isomer to cis under UV light (Figure 1). This is a typical behavior of 
azobenzene-type molecules. The photochemical behavior of a water solution of the 

10 azobenzene derivative of the present invention was determined under UV irradiation (365 
nm, 20 mW) and irradiation with visible Ught (488 nm, -50 mW). Under 488 nm 
irradiation, the trans-isomer is restored and the photostationary state under visible light is 
very close to the equilibrium state in dark. When the azobenzene derivative was exposed 
to 365 nm irradiation, kinetic data fitted well to monoexponential function with the 

15 characteristic time of -40 seconds. In addition, thermal relaxation in dark follows 
monoexponential function with characteristic time of about 10 days at 24 °C. 
Furthermore, the photochemical behavior of the azobenzene derivative of the present 
invention when covalently attached to the frmctionahzed PCCA of the present invention 
was close to that of the azobenzene derivative in solution. The retention of flie 

20 photochemical behavior of the azobenzene doivative when attached to the PCCA may be 
due to the point of attachment (the reacting amino group) is far from the azobenzene 
chromophore group which is responsible for its photochemical behavior. 

In addition, the present invention is directed to azobenzene intermediates 
which are represented by Formulas I through VI . 
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The present invention is also directed to a method for maldng the 
azobenzene derivative of the present invention comprising the following steps: 
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Figure 3 shows that the photoresponse of the AZO-PCCA has the 
characteristic time of -50 seconds for the process under low intensity UV irradiation 
(-lOmW/cm^). The exposure of the AZO-PCCA to visible light (488nm; -lOOmW) 
results in a blue-shift of diffraction with a characteristic time of- 3 seconds. The 
response time of the can be reduced by increasing the actinic light power. The fastest 
response is limited (1) by the kinetics of isomerization of the photosensitive component. 
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which is in the picosecond range for azobenzene isomerization, and (2) by the relaxation 
process of the hydrogel. 

Thermal relaxation ia the dark of the photosensitive component is very 
slow when it is attached to the functionalized PCCA. For example. AZO-PCCA thermal 
5 relaxation at 24" C was found to be monoexponential with the characteristic time of more 
than 10 days {see Figure 3, insert). This time is comparable to the thermal relaxation of 
the azobenzene derivative in solution. 

The response of the photosensitive PCCA properties can be optimized by 
changing the composition of the PCCA such as, the crosslinking density, and the PCCA 
1 0 thiclaiess. An increase in the concentration of the photosensitive component results in a 
stronger response (longer diffraction peak shift). This may require longer exposure time 
to light, as well as certain wavelengths of UV light. For, example, with 365 nm light, 0.7 
mM azobenzene concentration for 80 jam fliick PCCA was used. 

The preferred range of crosslinking of the hydrogel is between 1 % and 
15 5%. Too little crosslinlcing results in the inability to form the PCCA. Too much 

crosslinking results in too little photoresponsiveness of the PCCA because the elasticity 
of the hydrogel is significantly reduced, with the hydrogel being fairly rigid and unable to 
increase its volume as isomerization occurs. 

Thickness of the PCCA can also effect tlie photoresponsiveness of the 
20 photosensitive PCCAs of the present invention. Li one embodiment of the present 
invention, the thickness of the PCCA is preferably m the range firom about 10 jim to 
about 0.5 mm and more preferably in the range firom about 40 jjm to 80 |.mi. 

The devices of the present invention are usefiil as optical switch devices, 
display devices and memory storage devices. The devices of the present invention may 
25 be used in the UV, visible or near-infirared region. Photosensitive components resulting 
in a bigger change in fi-ee energy of mixing on photoirradiation may increase the 
diffraction shift of the devices of the present invention and/or may increase the devices 
response to illumination by light. 

The following examples are intended to illustrate the invention and should 
30 not be construed as limiting the invention in any way. 
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EXAMPLES 

Example 1 . 

Free-radical emulsion polymerization was used to synthesize. 1H,1H- 
heptafluorobutyl methaciylate (FBMA) colloidal particles. The polymerization was 
carried out in a 50-mL three-neck round bottom flask equipped with a reflux condenser, 
nitrogen inlet, thermometer, and a magnetic stiirer. The flask was immersed in a water 
bath thermostated at the 50 °C reaction temperature. The reactor was filled with 
deionized water. Aerosol MA 80-1. and FBMA. The contents were stirred and flushed 
with nitrogen for about 30 minutes. The initiator (NajSzOg), dissolved m a small amount 
of water, was then injected into the reactor to start the reaction. The polymerization was 
carried out under a nitrogen atmosphere for 3 hours. 

Highly charged monodisperse colloidal polystyrene particles were formed 
by emulsion polymerization by -^placing approximately 50 g of styrene and about 4 g of 
l-sodium-l-allyloxy-2-hydroxypropane sulfonate into about 100 g of water. About 2 g of 
15 sodium-di(l,3-dimethyIbutyl)sulfosuccinate, about 0.1 g of buffer and about 0.5 g of 
sodium persulfate dissolved in about 3ml of water were also added. The mixture was 
reacted for about 3.5 hours in a flask equipped with a stiiring mechanism set at about 350 
rpm. The particles were about 105 nm m diameter and were purified by dialysis and ion 
exchange. 

20 

Example 2. 

A reactive PCCA was ma J- hy adding to 3 mJ of the CCA medium a 
mixture comprised of about 0.15 g aCTylamide, about 0.005 gN,N'- 
methylenebisaciylamide, 70 \x] glycidyl methacrylate and about 0.01 g of 2,2'- 
25 diethoxyacetophenone (UV initiator). The CCA water mixture contained 140 nm 

fluorinated colloids or polystyrene colloids. These colloids were synthesized by emulsion 
polymerization fi-om lH,lH-heptafluorobutyl methacrylate or styrene, respectively (see 
Example 1). The mixture was injected between two quartz plates (with 80 \jm spacing in 
between the plates) and exposed to UV light (for example, mercury lamp). After 30 
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minutes, polymerization was completed and the gel was removed from in between the 
plates and washed with nanbpure water. 

Example 3. 

5 Azobenzene derivative was covalently attached to the PCCA by exposing 

a previously prepared PCCA to aqueous solution of an azobenzene derivative for 1 5-30 
minutes. This functionalization was done at room temperature, under constant stirring. 
The exposure time of the gel to the azobenzene derivative solution determined the final 
concentration of the photochromic molecule inside the PCCA. The azobenzene 
10 functionalized gel was washed with nanopure water. 

Example 4: Synthesis of water soluble azobenzene derivative: 
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1. N-0)-Nitrobenzyl)-phthaliini(ie(I). 
A mixture of phthaUmide (4g), p-nitrophenylmethylchloride (4,7 g), potassium carbonate 
(4g) and DMF (20 ml) was stirred at 150°C for 1 .5 h. After cooling, the mixture was 
diluted witli water. The precipitate was filtered and the crude product (I) was 
recrystallized from ethanol. 
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MS (EI, 70 eV), m/z (%): 282.0 Qs/t,90), 265,0 (M* -O), 235,0 (M-" -NO) 
2. p-Nitrobenzylamine (II). 

A mixture of I (7,2g), hydrazine hydrate (5g) and ethanol (130 ml) was stirred under 
5 reflux for 6 h. After cooling to the room temperatuie phthalohydrazine was removed by 
filtration and the solvent was removed in vacuum. The crude compound (II) was used in 
the next step without further purification. 

3- p-Aminobenzylamin (HI). 
10 A mixture of (II) (9, 1 g), SnCl22H20 and 36% HCl (120 ml) was stirred under reflux for 
1 h. After cooUng to 0°C the precipitate was filtered. The salt 

(Cl(H,H2NPhCH2NH2)l/2SnCL6) was decomposed with KOH and then extracted several 
times with dichloromefliane. The combined organic layers were dried withNajSOA. After 
evaporation of the solvent, the compound (HI) was used in the next step without fiirther 
15 purification. 



4. 4-Aminobenzylazo-phenol (IV). 
A fireshly prepared solution of NaNOz (3,46 g) in water (1 8.3 ml) was added dropwise to 
a stirred solution of m (6,0g) m HCl 36% (16 ml) and water (18.6 ml) maintaining the 
temperature not higher than 5°C. The resulting diazoniunr salt was added dropwise to a 
stirred solution of phenol (9,24g), NaOH (7,86g) in water (98 ml) at 5°C. The precipitate 
(compound IV) was filtered, washed witli water and dried. Yield 1 Ig (almost 100%). 
MS (EI, 70 eV), m/z (%): 227.0 (M*,80) 



25 5. 4-N-(t-Butoxycarbonyl)-aininomethylbenzolazo-phenol(V) 

IV (Ug) was dissolved in dry pyridine (1 80 ml) at room temperature and then B0C2O 
(ll,lg) in dichloromethane (20 ml) was added to the pyridine solution. After Ih pyridine 
was removed in vacuum. The residue was purified by column chromatography (silica gel, 
gradient CH2Cl2-CH2Cl2:CH3OH=10:l) to yield the desired compound V. 

30 Yield 9g. 
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MS (EI, 70 eV). mix (%): 327.1 (TVT.IO) 

6. 4.N<t-Butoxycarbonyl)-amiQomethylbenzolazo-4-pheiioxy glycerol ether 

(VI) 

5 A mixture of V (3,27g), potassium carbonate (l,52g), Cl-glycerine (12g) was 
stirred at 100°C for 13 h. After cooling, the mixture was dUuted with water. The 
precipitate was filtered and the crude compound VI was purified by column • 
chromatography (silica gel, gradient CH2Cl2:aceton=10:l to 10:3) to yield the desired 
compound VI. 
10 Yield 3,5g. 

MS(FD): m/z: 401.0 (M^ 

7, 4-N-aminomethylbenzolazo-4-phenoxy glycerol ether (VI) 
A mixture of VI (l,7g) in 160 ml methanol and HCl 36% (8 ml) was 

15 stirred at 35°C for 1 6 h. After cooUng the volume was reduced to 50 ml by removing of 
the solvent under reduced pressure. Then potassium carbonate (16g in 20 ml water) and 
ethanol (100 ml) were added. The precipitate was filtered and the solvent was removed 
fix)m motlier solution in vacuum leaving an orange residue. This was purified by 
chromatography (silica gel, dichloromethane, methanol and triethylamine 10:2:0.1). 

20 Yield 0.92g. 

C16H19N3O3 calcd.:C63,77, H6.36,N13.94 

(301,34) found: C 62.3, H 7.06, N n.49 

MS (EI, 70 eV), m/z (%): 301.1 (8)(]<), 195.0 (3), 166.9(10), 148.9 (3) 
MS (FD): m/z: 301.3 (M*) 
25 "C-NMR (62.9 MHz) dfi-DMSO. 5 (ppm): 161.6 (C-7), 151,1 (C-1). 146.1 (C-6), 143.3 
(C-12). 128.6 (C-2, C-3). 124,5 (C-10. C-11). 122.2 (C-4. C-5). 115,1 (C-8, C-9). 70,1 
(C-14). 69.9 (C-15), 62,6 (C-16), 44.0 (C-13) 

Whereas particular embodiments of this invention have been described 
30 above for purposes of illustration, it will be evident to those skilled in the art that 
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numerous variations of the details of the present invention may be made without 
departing from the invention as defined in the appended claims. 
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CLAIMS 

1 . A polymerized crystalline colloidal array comprising a 
photosensitive component 

5 

2. The polymerized crystalline colloidal array of claim 1 wherein said 
array undergoes a change in volume in response to irradiation. 

3. The polymerized crystalUne colloidal array of claim 1 wherein said 
10 component is a photochromic molecule. 

4. The polymerized crystalline colloidal array of claim 3 wherein said 
photocliromic molecule is selected from the group consisting of azobenzenes, 
spiropyranes, spiroxazines, fulgides, diarylethenes, benzothiazolium styryl dyes, ^d 

15 triphenylmethane derivatives. 

5 . The polymerized crystalline colloidal array of claim 1 wherein said 
polymerized crystalline colloidal array is functionalized. 

6- The functionalized polymerized crystalline colloidal array of claim 
5 wherein said array comprises reactive epoxide groups. 

7. The crystalline colloidal array of claim 6 wherein said array is 
covalently attached to said photochromic molecule through the reactive epoxide groups. 

25 

8. A polymerized crystalline colloidal array comprising a 
photochromic molecule. 

9. The polymerized crystalline colloidal array of claim 8 wherein said 
30 photochromic molecule is selected from the group consisting of azobenzenes. 
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spiropyranes, spiroxazines, fiilgides, diarylethenes, beiizothiazolium styryl dyes, and 
triphenylmetliane derivatives. 

10. A polymerized crystalline colloidal airay comprising a 

5 photocliromic molecule selected from the group consisting of azobenzene, spiropyranes, 
spiroxazines, fulgides, diarylethenes, benzothiazolium styryl dyes, and triphenylmethane 
derivatives. 

11. A photoresponsive device comprising: 

10 a polymerized crystalline colloidal ordered array of charged particles in a liquid 

medium; a cell for containing said crystalline colloidal array and medium; and a 
photosensitive component, wherein said polymerized crystalline colloidal airay 
undergoes a change in volume in response to radiation. 

12. The device of claim 1 1 wherein said photosensitive component is 
attached to said polymerized crystalhne colloidal array. 

13. The device of claim 1 1 wherein said particles are poly( IH, IH- 
heptafluorobutylmethaciylate) and polystyrene particles. 

20 

14. The device of claim 1 1 wherein said liquid medium is selected 
from the groups consisting of water, glycerol, ethylene glycol, methanol, ethanol, 
dimethyl sulfoxide, phenyl methyl sulfoxide, dioxane, dimethylfonnamide, polyethylene 
glycol and glycerin. 

25 

15. The device of claim 1 1 wherein said cell is made of a material 
selected from the group consisting of quartz, a thermoplastic carbonate linlced polymer, 
and glass coated with a thermoplastic carbonate linked polymer. 

16- The device of claim 1 1 wherein said component with 
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photosensitive properties is a photochromic molecule. 

1 7. The device of claim 1 6 wherein said photochromic molecule is 
selected from the group consisting of azobenzene, spiropyranes, spiroxazines. fulgides, 

5 diarylethenes, benzothiazolium styiyl dyes, and triphenyknethane derivatives. 

1 8. The device of claim 1 1 wherein said device is an optical switch. 

19. The device of claim 1 1 wherein said device is a memory storage 

10 device. 

20. The device of claim 1 1 wherein said device is a display device. 

21. A radiation tunable device comprising: 

a crystalline colloidal ordered array of charged particles 
polymerized in a hydrogel and a photosensitive component, wherein said hydrogel 
undergoes a change in volume in response to irradiation. 

22. The device of claim 21 wherein said particles are poly(lH,lH- 
20 heptafluorobutylmethacrylate) and polystyrene particles. 

23 . The device of claim 2 1 wherein said photosensitive component is a 
photochromic molecule. 



is 



24. The device of claim 23 wherein said photochromic molecule 
selected from the group consisting of azobenzene, spiropyranes spiroxazines, fulgides, 
diarylethenes, benzothiazolium styryl dyes, and triphenyknethane derivatives. 



30 



25. A thin, two-dimensional display device comprising: 

a crystalline colloidal ordered array of charged particles 
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polymerized in hydrogel; a photosensitive component; a means for irradiating said 
polymerized crystalline colloidal ordered array; and wherein said hydrogel undergoes a 
change in volume in response to irradiation. 

26. The display device of claim 25 wherein said device is useful as a 
display device in a computer. 

The display device of claim 25 wherein said display is a 

The display device of claim 25 wherein said display is a color 

The display device of claim 25 wherein said photosensitive 
15 component is a photochromic molecule. 

30. The display device of claim 29 wherein said photochromic 
molecule is selected from the group consisting of azobenzene, spiropyranes, spiroxazines, 
folgides, diarylethenes and benzothiazolium styryl dyes, triphenyhnethane derivatives. 

20 

31. A method of making a photoresponsive device comprising: 
placing charged colloidal particles in an aqueous medium in a cell; 

allowing said charged colloidal particles to self-assemble to form a crystalline colloidal 
ordered array; polymerizing said charged colloidal particles in a hydrogel to form a 
25 functionalized polymerized crystalline colloidal array; attaching a photosensitive 

component to said functionalized polymerized crystalline colloidal array; and Avherem 
said device undergoes a change in volume in response to irradiation. 

32. The method of claim 3 1 , including employing poly(lH, IH- 
30 heptafluorobutylmethacrylate) particles as said particles. 



27. 

monochrome display. 

10 

28. 

display. 
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33. The method of claiin 3 1 wherein said photosensitive component is 
a photochromic molecule. 

5 34. The method of claim 33 wherein said photochromic molecule is 

selected fiom the group consisting of azobenzene, spiropyranes, spiroxazines, fulgides, 
diarylethenes, benzothiazolium styryl dyes, and triphenyhnethane derivatives. 

35. The method of claim 31 wherein said fimctionalized crystalline 
10 colloidal array comprises reactive epoxide groups. 

36. The method of claim 3 1 wherem said functionaUzed crystalline 
coUoidal array is attached to said photosensitive component through said reactive epoxide 
groups. 

15 

37. An azobenzene derivative represented by Formula VII: 




38. The azobenzene derivative of claim 37 wherein said derivative has 
20 improved water solubility characteristics than non-derivatized azobenzene. 

39. The azobenzene derivative of claim 37 wherein said derivative has 
photochromic properties in an aqueous envkonment and in a hydrogel environment. 
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A method of making an derivatized azobenzene comprising: 




vn 



41 . The method of claim 40 wherein said derivatized azobenzene has 
improved water solubility characteristics, 

5 

42. A method of making a photosensitive polymerized crystalline 
colloidal array comprising fimctionaUzing the polymerized crystaUine colloidal array and 
attaching a photosensitive component to the functionalized polymerized crystalhne 



016334SA3JA> 



wo 01/63J45 



PCT/USOl/05691 



5 



31 

colloidal array. 

43. The method of claim 42 wherein said photosensitive component is 
a photochromic molecule. 

44. The method of claim 42 wherein said photochromic molecule is 
selected from the group consisting of azobenzene, spiropyranes, spiroxazines, fulgides, 
diarylethenes, benzothiazolium styryl dyes, and triphenyhnethane derivatives. 

45. A method of making a photosensitive polymerized crystalline 
colloidal array comprising copolymerizing glycidyl methacrylate with acrylamide to 
create a flinctionalized polymerized crystalline colloidal array with reactive epoxide 
groups; and incubating said fimctionalized array with a photosensitive component 
wherein said component attaches to said fimctionalized array through said reactive 

15 epoxide groiips. 

46. A composition comprising a crystalline colloidal array of charged 
particles polymerized in a hydrogel and a photosensitive component wherein said 
hydrogel undergoes a change in volume in response to irradiation. 

20 

47. The composition according to claim 46 wherein said particles are 
selected from the group consisting of polystyrene, polymefliyhnethacrylate, silicon 
dioxide, aluminum oxide, andpoly(lH,lH-heptafluorobutylmethacrylate) particles. 

2^ 48. The composition according to claim 46 further comprising 

functionalizing the polymerized crystalline coUoidal array is by introducing reactive 
epoxide groups. 

49. The composition according to claim 46 wherein said polymerized 
30 crystalline colloidal array is covalently attached to said photosensitive component. 
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50. The composition according to claim 46 wherein the hydrogel is 
selected from the group consisting of polymer latex, polymethyhnethacrylate and 
5 polyacrylamide hydrogel. 



An azobenzene derivative intermediate represented by Formula I: 
O 




NO2 

An azobenzene derivative intermediate represented by Formula II: 




n 



An azobenzene derivative intermediate represented by Fomiula HI: 




m 
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54, An azobenzene derivative intermediate represented by Formula IV: 



HO- 



/ \ 



NHo IV 



55. An azobenzene derivative intermediate represented by formula V: 



HO- 



/ \ 



\ 

NH 



.CH, 



-CH3 
^CH, V 



56. An azobenzene derivative intermediate represented by Formula VI: 



HO- 



HO' 




NHBoc 
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